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(54) ELECTRIC MACHINE

(67)  There is provided an electric machine compris-
ing a stator, a rotor configured to rotate relative to the
stator, the stator having a phase arrangement. The phase
arrangementincludes a number of legs connected in par-
allel at a first primary junction and a second primary junc-
tion. The number of legs is an integer greater than two.
Each leg includes a plurality of coils connected in series
through a respective intermediate junction, with each coil
comprising a number of turns. Each leg is connected to
at least one other leg of the legs by a branch at the re-
spective intermediate junctions such that the phase ar-
rangement is in the form a bridge circuit. The phase ar-

rangement is configured to conduct, through each leg, a
motor current through the respective in series coils be-
tween the first primary junction and the second primary
junction. The phase arrangement is configured to permit
an alignment current to flow between the first primary
junction and the second primary junction along an align-
ment current path which passes through at least one coil
of two different legs of the number of legs via a respective
branch. The electric machine is configured so that the
motor currents cause a torque to be applied to the rotor
for rotation relative to the stator, and the alignment cur-
rentcauses a translational force to be applied to the rotor.
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Description
TECHNICAL FIELD

[0001] This disclosure concerns an electric machine
comprising a stator, a rotor configured to rotate relative
to the stator and a phase arrangement. The disclosure
further concerns a gas turbine engine comprising an elec-
tric machine.

BACKGROUND

[0002] In view of current industrial trends and objec-
tives, it is desirable to incorporate a greater degree of
electrical functionality on an airframe and/or on a gas
turbine engine. However, various technical challenges
are associated with reliably and effectively extracting
electrical energy from and/or providing electrical energy
to a gas turbine engine during operation. In particular,
vibrational energy and/or heat energy originating from a
gas turbine engine present a challenging operational en-
vironment for any electric machine which is to be coupled
to a gas turbine engine for this purpose. Further, strict
mass and size penalties associated with any components
which are to be incorporated within a gas turbine engine
present further technical challenges in the design of an
electrical machine which is configured to extract electrical
energy from and/or provide electrical energy to a gas
turbine engine during operation. Accordingly, it is desir-
able to provide an improved electrical machine which is
capable of better meeting these challenges.

[0003] US 2005/0077793 A1 describes a rotating elec-
tric machine comprising two major components capable
of relative rotation about a common axis and separated
by an air gap in which magnetic fields linking the two
main components through the air gap act both to exert
torque and lateral forces. A set of windings is present on
at least one of these components and this set of winding
is used to generate a distribution of flux having two parts:
the first part serving primarily to cause torque and the
second part serving to cause a net lateral force between
the two main components. The machine uses the phys-
ical connection of the coils within the phases of the ma-
chine such that separate sources can be used for sup-
plying currents for generating torque and lateral forces
independently.

SUMMARY

[0004] According to a first aspect, there is provided an
electric machine comprising a stator, a rotor configured
to rotate relative to the stator, the stator having a phase
arrangement, wherein the phase arrangement includes
a number of legs connected in parallel at a first primary
junction and a second primary junction, the number of
legs being an integer greater than two; each leg includes
a plurality of coils connected in series through a respec-
tive intermediate junction, each coil comprising a number
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of turns; each leg is connected to at least one other leg
of the legs by a branch at the respective intermediate
junctions such that the phase arrangement is in the form
a bridge circuit; the phase arrangement is configured to
conduct, through each leg, a motor current through the
respective in series coils between the first primary junc-
tion and the second primary junction; the phase arrange-
ment is configured to permit an alignment current to flow
between the first primary junction and the second primary
junction along an alignment current path which passes
through at least one coil of two different legs of the
number of legs via a respective branch; and the electric
machine is configured so that: the motor currents cause
a torque to be applied to the rotor for rotation relative to
the stator, and the alignment current causes a transla-
tional force to be applied to the rotor. The number of legs
may be an odd integer greater than one.

[0005] The expression "a number of legs" is intended
to refer to the number of legs in the entire plurality of legs
of the phase arrangement - i.e., each and every leg of
the phase arrangement meeting the associated definition
in the claim. The number of legs is the exhaustive total
of the legs. Accordingly, although a phase arrangement
having a total of six legs may be considered to comprise
asubset of five legs, itis not considered to have a number
of legs which is equal to five.

[0006] The alignment current path may flow via the re-
spective branch to bypass at least one coil of each leg
along which it passes. Accordingly, an alignment current
which passes through one coil of two legs may flow
through a proper subset of the coils on each leg (i.e., not
through all coils of the leg), for example flowing through
only the first-leg first coil and the second-leg second coil
(via the branch), or flowing through only the second-leg
first coil and the first-leg second coil (via the branch).
[0007] It may be that the phase arrangement is ar-
ranged such that an increase in the alignment current
does not alter a torque which is caused to be applied to
the rotor by the motor currents.

[0008] The stator may comprise a set of stator teeth,
each stator tooth of the set being equally angularly dis-
tributed around a circumference of the stator, wherein a
number of stator teeth within the set of stator teeth is
equal to the number of legs of the phase arrangement.
Also, in each leg, each coil may form part of a different
stator tooth coil-grouping, with each stator tooth coil-
grouping being provided to at least one stator tooth of
the set of stator teeth. Further, each intermediate junction
may be located such that, in each leg, a total number of
turns of the or each coil connected in series between the
first primary junction and the respective intermediate
junction is equal to a total number of turns of the or each
coil connected in series between the respective interme-
diate junction and the second primary junction.

[0009] It may be that each coil which forms part of a
respective stator tooth coil-grouping is arranged coaxially
with each other coil which forms part of the same stator
tooth coil-grouping. Each coil may be defined by a char-
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acteristic distance to the centre of the stator measured
from a geometrical centre of the respective coil. In each
leg, a mean characteristic distance to the centre of the
stator of each of the coils in the respective leg may be
equal to a mean characteristic distance to the centre of
the stator of each of the coils in each other leg.

[0010] Each stator tooth may comprise a soft magnetic
material. Each coil-grouping may be wound around the
at least one stator tooth to which it is provided.

[0011] The electric machine may further comprise a
plurality of active differential current sources, each active
differential current source being positioned on a respec-
tive branch and configured to inject an actively-instigated
differential currentinto each leg connected by the respec-
tive branch, wherein the respective actively-instigated
differential current forms part of an alignment current
which flows between the first primary junction and the
second primary junction via the respective branch. In ad-
dition, the electric machine may also comprise a sensor
arrangement and a controller. The sensor arrangement
may be configured to monitor a translational position of
the rotor with respect to the stator and monitor a rotational
speed of the rotor. The controller may be configured to:
determine a magnitude and a direction of a force required
to maintain alignment of the rotor with respect to the stator
based on the monitored translational position of the rotor,
the monitored rotational speed of the rotor and a magni-
tude of the motor currents; and regulate a magnitude of
the active differential current injected by each of the plu-
rality of active differential current sources based on the
determined magnitude and direction of the force.
[0012] It may be that the electric machine further com-
prises a plurality of negative impedance converters, each
positioned on a respective branch, wherein each align-
ment current path has a positive electrical impedance
provided by the coils of each leg; and each negative im-
pedance converter is configured to add a negative elec-
trical impedance to one of the alignment current paths
by introducing additional electrical energy into the align-
ment current path.

[0013] It may be that the electric machine further com-
prises an input system configured to provide an alternat-
ing-current voltage to the phase arrangement.

[0014] If present, the set of stator teeth may be one of
a plurality of sets of stator teeth, each set of stator teeth
being radially offset with respect to each other around
the rotor, and the phase arrangement may be one of a
plurality of phase arrangements, each phase arrange-
ment being provided to a respective set of stator teeth.
The electric machine may further comprise an input sys-
tem configured to provide a respective alternating-cur-
rent voltage to each phase arrangement, each alternat-
ing-current voltage having a different phase.

[0015] According to a second aspect there is provided
a gas turbine engine comprising the electric machine ac-
cording to the first aspect, wherein the rotor of the electric
machine is mechanically coupled to a spool of the gas
turbine engine. The rotor of the electric machine may be
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arranged coaxially with the spool of the gas turbine en-
gine. The electric machine may be disposed within a core
of the gas turbine engine.

[0016] The skilled person will appreciate that except
where mutually exclusive, a feature described in relation
to any one of the above aspects may be applied mutatis
mutandis to any other aspect. Furthermore except where
mutually exclusive any feature described herein may be
applied to any aspect and/or combined with any other
feature described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Embodiments will now be described by way of
example only with reference to the accompanying draw-
ings, which are purely schematic and not to scale, and
in which:

FIG. 1 shows a general arrangement of a turbofan
engine for an aircraft;

FIG. 2A is circuit diagram which shows an example
electrical topology of a first example electric ma-
chine;

FIG. 2B is a circuit diagram which shows an alter-
native example electrical topology of the first exam-
ple electric machine

FIG. 3 shows a cross-sectional view of the first ex-
ample electric machine;

FIG. 4 is a circuit diagram which shows an electrical
topology of a second example electric machine;
FIG. 5 shows a cross-sectional view of the second
example electric machine;

FIG. 6A s a circuit diagram which shows an example
electrical topology of a third example electric ma-
chine;

FIG. 6B is a circuit diagram which shows an alter-
native example electrical topology of the third exam-
ple electric machine;

FIG. 7 shows a cross-sectional view of the third ex-
ample electric machine;

FIG. 8 is a circuit diagram which shows an internal
electrical topology of an example negative imped-
ance converter;

FIG. 9 is a circuit diagram which shows an electrical
topology of a fourth example electric machine;

FIG. 10 shows a cross-sectional view of the fourth
example electric machine.

DETAILED DESCRIPTION

[0018] A general arrangement of an engine 101 for an
aircraft is shown in FIG. 1. The engine 101 is of turbofan
configuration, and thus comprises a ducted fan 102 that
receives intake air A and generates two pressurised air-
flows: a bypass flow B which passes axially through a
bypass duct 103 and a core flow C which enters a core
gas turbine.

[0019] The core gas turbine comprises, in axial flow
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series, a low-pressure compressor 104, a high-pressure
compressor 105, a combustor 106, a high-pressure tur-
bine 107, and a low-pressure turbine 108.

[0020] In operation, the core flow C is compressed by
the low-pressure compressor 104 and is then directed
into the high-pressure compressor 105 where further
compression takes place. The compressed air exhaust-
ed from the high-pressure compressor 105 is directed
into the combustor 106 where it is mixed with fuel and
the mixture is combusted. The resultant hot combustion
products then expand through, and thereby drive, the
high-pressure turbine 107 and in turn the low-pressure
turbine 108 before being exhausted to provide a small
proportion of the overall thrust.

[0021] The high-pressure turbine 107 drives the high-
pressure compressor 105 via an interconnecting shaft.
The low-pressure turbine 108 drives the low-pressure
compressor 104 via another interconnecting shaft. To-
gether, the high-pressure compressor 105, high-pres-
sure turbine 107, and associated interconnecting shaft
form part of a high-pressure spool of the engine 101.
Similarly, the low-pressure compressor 104, low-pres-
sure turbine 108, and associated interconnecting shaft
form part of alow-pressure spool of the engine 101. Such
nomenclature will be familiar to those skilled in the art.
Those skilled in the art will also appreciate that whilst the
illustrated engine has two spools, other gas turbine en-
gines have a different number of spools, e.g., three
spools.

[0022] The fan 102 is driven by the low-pressure tur-
bine 108 via a reduction gearbox in the form of a plane-
tary-configuration epicyclic gearbox 109. Thus in this
configuration, the low-pressure turbine 108 is connected
with a sun gear of the gearbox 109. The sun gear is
meshed with a plurality of planet gears located in a ro-
tating carrier, which planet gears are in turn meshed with
a static ring gear. The rotating carrier drives the fan 102
via afan shaft 110. It will be appreciated that in alternative
embodiments a star-configuration epicyclic gearbox (in
which the planet carrier is static and the ring gear rotates
and provides the output) may be used instead, and in-
deed that the gearbox 109 may be omitted entirely so
that the fan 102 is driven directly by the low-pressure
turbine 108.

[0023] Itis increasingly desirable to facilitate a greater
degree of electrical functionality on the airframe and on
the engine. To this end, the engine 101 of the present
embodiment comprises one or more rotary electric ma-
chines, generally capable of operating both as a motor
and as a generator. The number and arrangement of the
rotary electric machines will depend to some extent on
the desired functionality. Some embodiments of the en-
gine 101 include a single rotary electric machine 111 driv-
en by the high-pressure spool, for example by a core-
mounted accessory drive 112 of conventional configura-
tion. Such a configuration facilitates the generation of
electrical power for the engine and the aircraft and the
driving of the high-pressure spool to facilitate starting of
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the engine in place of an air turbine starter. Other em-
bodiments, including the one shown in FIG. 1, comprise
both a first rotary electric machine 111 coupled with the
high-pressure spool and a second rotary electric machine
113 coupled with the low pressure spool. In addition to
generating electrical power and the starting the engine
101, having both first and second rotary machines 111,
113, connected by power electronics, can facilitate the
transfer of mechanical power between the high and lower
pressure spools to improve operability, fuel consumption
etc.

[0024] As mentioned above, in FIG. 1 the first rotary
electric machine 111 is driven by the high-pressure spool
by a core-mounted accessory drive 112 of conventional
configuration. In alternative embodiments, the first elec-
tric machine 111 may be mounted coaxially with the tur-
bomachinery in the engine 101. For example, the first
electric machine 111 may be mounted axially in line with
the duct between the low- and high-pressure compres-
sors 104 and 105. In FIG. 1, the second electric machine
113 is mounted in the tail cone 114 of the engine 101
coaxially with the turbomachinery and is coupled to the
low-pressure turbine 108. In alternative embodiments,
the second rotary electric machine 113 may be located
axially in line with low-pressure compressor 104, which
may adopt a bladed disc or bladed drum configuration to
provide space for the second rotary electric machine 113.
It will of course be appreciated by those skilled in the art
thatany other suitable location for the first and (if present)
second electric machines may be adopted.

[0025] Thefirstand second electric machines 111,113
are connected with power electronics. Extraction of pow-
er from or application of power to the electric machines
is performed by a power electronics module (PEM) 115.
In the present embodiment, the PEM 115 is mounted on
the fan case 116 of the engine 101, but it will be appre-
ciated that it may be mounted elsewhere such as on the
core of the gas turbine, or in the vehicle to which the
engine 101 is attached, for example.

[0026] Control of the PEM 115 and of the first and sec-
ond electric machines 111 and 113 is in the present ex-
ample performed by an engine electronic controller
(EEC) 117. In the present embodiment the EEC 117 is
afull-authority digital engine controller (FADEC), the con-
figuration of which will be known and understood by those
skilled in the art. It therefore controls all aspects of the
engine 101, i.e., both of the core gas turbine and the first
and second electric machines 111 and 113. In this way,
the EEC 117 may holistically respond to both thrust de-
mand and electrical power demand.

[0027] The one or more rotary electric machines 111,
113 and the power electronics 115 may be configured to
output to or receive electric power from one, two or more
DC busses. The DC busses allow for the distribution of
electrical power to other engine electrical loads and to
electrical loads on the airframe. The DC busses may fur-
ther receive electrical power from, or deliver electrical
power to, an energy storage system such as one or more
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battery modules or packs.

[0028] Those skilled in the art will appreciate that the
gas turbine engine 101 described above may be regard-
ed as a ‘more electric’ gas turbine engine because of the
increased role of the electric machines 111, 113 com-
pared with those of conventional gas turbines.

[0029] FIGS. 2A and 2B are circuit diagrams which
show respective example electrical topologies of a first
example rotary electric machine 200. FIG. 3 shows a
schematic cross-sectional view of the first example rotary
electric machine 200. Components of the electric ma-
chine will be described with reference to both FIGS. 2
and 3.

[0030] As shown in FIG. 3, the electric machine 200
includes a rotor 210 and a stator 220. In use, the rotor
210 rotates relative to the stator 220 about a central axis
201 of the rotor as indicated by arrow 209, while the stator
220 is static (i.e., has a fixed local angular position about
the central axis 201). During operation, the electric ma-
chine 200 may function as a motor, in which case the
rotor 210 may be mechanically coupled to a mechanical
system such that the rotor 210 drives the mechanical
system in use. The mechanical system provides a me-
chanical load and may otherwise be referred to as a me-
chanical load. Conversely, during operation, the electric
machine 200 may function as a generator, in which case
the rotor 210 may be mechanically coupled to a mechan-
ical system such that the mechanical system drives the
rotor 210 in use. In particular, the rotor 210 may be me-
chanically coupled to a spool of a gas turbine engine,
such that the spool of the gas turbine engine may be
driven by the rotor 210 and/or may drive the rotor 210 as
a mechanical system in use. As discussed above with
reference to FIG. 1, this arrangement enables the gen-
eration of electrical power while the gas turbine engine
is running, the driving of the spool to start of the engine
instead of, for instance, an air turbine starter and/or the
facilitation of mechanical power transfer between differ-
ent spools to improve operability, fuel consumption and
the like. Further, the rotor 210 of the electric machine 200
may be arranged coaxially with the spool of the gas tur-
bine engine (or coaxially with the turbomachinery of the
gas turbine engine). This enables the electric machine
200 to be advantageously disposed within a core of the
gas turbine engine, which provides a compact and simple
arrangement for integrating the electric machine 200
within a gas turbine engine.

[0031] Thestator210comprises afirst stator tooth 221,
a second stator tooth 222 and a third stator tooth 223,
which together form a set of stator teeth. The number of
stator teeth within the set of stator teeth is therefore 3,
this number being the exhaustive total of teeth belonging
to the stator (i.e., each and every tooth of the stator). The
first stator tooth 221, the second stator tooth 222 and the
third stator tooth 223 are equally angularly distributed
around a circumference of the stator 220 (and therefore
are equally angularly distributed around the rotor 210).
Because the number of stator teeth within the set of stator
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teethis three, the stator teeth being equally radially offset
with respect to each other around the rotor 210 requires
that each tooth be angularly offset to each adjacent tooth
by approximately 120°. Accordingly, the electric machine
200 has a rotational symmetry around the centre of the
stator 220 of three. Each stator tooth 221, 222, 223 is
configured to support a magnetic field, and to this end
may comprise a soft magnetic material (thatis, a material
having an intrinsic coercivity no greater than, for exam-
ple, 1000 A/m). The electric machine 200 comprises a
phase arrangement 300 provided to the stator 220. The
phase arrangement 300 may also be referred to as a coil
arrangement 300 or as a phase coil arrangement 300.
The phase arrangement 300 is associated with a single
phase of AC power received from an input system 360
(e.g., asingle phase of an AC input voltage received from
the input system 360). The phase arrangement 300 in-
cludes a number of legs 410, 420, 430, wherein the
number of legs includes a firstleg 410, a second leg 420
and a third leg 430 such that the number of legs of the
phase arrangement 300 is equal to the number of stator
teeth within the set of stator teeth 221, 222, 223. The first
leg 410, the second leg 420 and the third leg 430 are
connected in parallel at a first primary junction 311 and
a second primary junction 312. Each leg 410, 420, 430
includes a plurality of coils connected in series through
a respective intermediate junction 321, 322, 323 as dis-
cussed in further detail below. Each coil is formed of an
electrically conductive material which is suitable for being
wound around (or within) a magnetic material. Further,
each coil has a number of turns, the number of turns
being a number oftimes around a magnetic material (e.g.,
the respective stator tooth) which the electrically con-
ducting material from which the coil is formed is to be
wound.

[0032] Thefirstleg410includes afirst-leg firstcoil 411,
a first-leg second coil 412 and a first-leg third coil 413,
whereas the second leg 420 includes a second-leg first
coil 421, a second-leg second coil 422 and a second-leg
third coil 423 and the third leg 430 includes a third-leg
first coil 431, a third-leg second coil 432 and a third-leg
third coil 433. Each of the first-leg coils 411, 412, 413 are
connected in series through a first intermediate junction
321. Similarly, each of the second-leg coils 421, 422,
423 are connected in series through a second interme-
diate junction 322 and each of the third-leg coils 431,
432, 433 are connected in series through a third inter-
mediate junction 323. A first branch 341 connects the
first intermediate junction 321 and the second interme-
diate junction 322, a second branch 342 connects the
second intermediate junction 322 and the third interme-
diate junction 323 while a third branch 343 connects the
third intermediate junction 323 and the first intermediate
junction 321. In other implementations, one or more
branches may be omitted, provided that each intermedi-
ate junction is connected to at least one other interme-
diate junction.

[0033] In the first example electric machine 200, each
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coil of the phase arrangement 300 is provided to the sta-
tor 220 as follows. The first-leg first coil 411, the second-
leg second coil 422 and the third-leg third coil 433 each
form a part of a first stator tooth coil-grouping. Likewise,
the first-leg third coil 413, the second-leg first coil 421
and the third-leg second coil 432 each form a part of a
second stator tooth coil-grouping. Finally, the first-leg
second coil 412, the second-leg third coil 423 and the
third-leg first coil 431 each form a part of a third stator
tooth coil-grouping.

[0034] In the example of FIG. 3, the first stator tooth
coil-grouping is provided to (e.g., wound around) the first
stator tooth 221, the second stator tooth coil-grouping is
provided to the second stator tooth 222 and the third sta-
tor tooth coil-grouping is provided to the third stator tooth
223. Therefore, each stator tooth coil-grouping is provid-
ed to a single stator tooth. However, this disclosure en-
visages that each stator tooth coil-grouping may be pro-
vided to (e.g., span across) a plurality of stator teeth, in
which case the number of teeth within the set of stator
teeth may be greater than the number of legs of the phase
arrangement.

[0035] FIG. 4 is a circuit diagram which shows an elec-
trical topology of a second example rotary electric ma-
chine 200B. FIG. 5 shows a schematic cross-sectional
view of the second example rotary electric machine
200B. The second example electric machine 200B is
generally similar to the first example electric machine
200, with like reference numerals indicating common or
similar features.

[0036] However,in addition to the first stator tooth 221,
the second stator tooth 222, the third stator tooth 223,
the stator 220 of the second example electric machine
200B also comprises a fourth stator tooth 224 and a fifth
stator tooth 225, each of which together form the set of
stator teeth of the second example electric machine
200B. As a result, the number of stator teeth within the
set of stator teeth is five. The first stator tooth 221, the
second stator tooth 222, the third stator tooth 223, the
fourth stator tooth 224 and the fifth stator tooth 225 are
equally angularly offset with respect to each other around
the rotor 210. Because the number of stator teeth within
the set of stator teeth is five, the stator teeth being equally
angularly offset with respect to each other around the
rotor 210 requires that each tooth be angularly offset to
each adjacent tooth by approximately 72°. Accordingly,
the electric machine 200B has a rotational symmetry
around the centre of the stator 220 of five. Like in the
phase arrangement 200 of the first example electric ma-
chine 200, the number of legs within the phase arrange-
ment 300B of the second example electric machine 200B
is equal to the number of stator teeth within the set of
stator teeth 221-225. Therefore, the phase arrangement
300B includes the first leg 410, the second leg 420, the
third leg 430 as well as a fourth leg 440 and a fifth leg 450.
[0037] The fourthleg 440 includes a fourth-leg first coil
441, a fourth-leg second coil 442 and a fourth-leg third
coil 443, the fifth leg 420 includes a fifth-leg first coil 451,
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a fifth-leg second coil 452 and a fifth-leg third coil 453.
Each of the fourth-leg coils 441, 442, 443 are connected
in series through a fourth intermediate junction 324. Sim-
ilarly, each of the fifth-leg coils 451, 452, 453 are con-
nected in series through a fifth intermediate junction 325.
In the second electric machine 200B, the third branch
343 connects the third intermediate junction 323 and the
fourth intermediate junction 324, afourth branch 344 con-
nects the fourth intermediate junction 324 and the fifth
intermediate junction 325 while a fifth branch 345 con-
nects the fifth intermediate junction 325 and the first in-
termediate junction 321. As above, in other implementa-
tions, one or more branches may be omitted, provided
that each intermediate junction is in communication with
at least one other intermediate junction to permit current
flow between all of the intermediate junctions.

[0038] In the second example electric machine 200B,
each coil of the phase arrangement 300B is provided to
the stator 220 as follows. The first-leg first coil 411, the
second-leg second coil 422 and the third-leg third coil
433 form a part of a first stator tooth coil-grouping. The
fourth-leg third coil 443, the second-leg first coil 421 and
the third-leg second coil 432 form a part of a second
stator tooth coil-grouping. Further, the third-leg first coil
431, the fourth-leg second coil 442 and the fifth-leg third
coil 453 form a part of a third stator tooth grouping. The
first-leg third coil 413, the fifth-leg second coil 452 and
the fourth-leg first coil 441 form a part of a fourth stator
tooth coil-grouping. Finally, the first-leg second coil 412,
the second-leg third coil 423 and the fifth-leg first coil 451
form a part of a fifth stator tooth coil-grouping.

[0039] Inthe example of FIGS. 4 and 5, the first stator
tooth coil-grouping is provided to (e.g., wound around)
the first stator tooth 221, the second stator tooth coil-
grouping is provided to the second stator tooth 222, the
third stator tooth coil-grouping is provided to the third
stator tooth 223, the fourth stator tooth coil-grouping is
provided to the fourth stator tooth 224 and the fifth stator
tooth coil-grouping is provided to the fifth stator tooth 225.
Therefore, each stator tooth coil-grouping is provided to
a single stator tooth. However, this disclosure envisages
that each stator tooth coil-grouping may be provided to
(e.g., span across) a plurality of stator teeth, in which
case the number of teeth within the set of stator teeth
may be greater than the number of legs of the phase
arrangement.

[0040] FIGS. 6A and 6B are circuit diagrams which
show respective example electrical topologies of a third
example rotary electric machine 200C. FIG. 7 shows a
schematic cross-sectional view of the third example ro-
tary electric machine 200C. The third example electric
machine 200C is generally similar to the second example
electric machine 200B, with like reference numerals in-
dicating common or similar features. However, in the third
example electric machine 200C, each leg 410-450 of the
phase arrangement 300C further includes a fourth coil
(respectively, 414, 424, 434, 444, 454) and a fifth coil
(respectively 415, 425, 435, 445, 455). Each of the plu-
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rality of coils of each leg 410-450 are connected in series
through the respective intermediate junctions. However,
in the first example electrical topology of the third elec-
trical machine 200C shown by FIG. 6A, each intermedi-
ate junction on each leg is located between the first coil
of the respective leg (411, 421, 431, 441, 451) and the
second coil of the respective leg (412, 422, 432, 442,
452). In contrast, in the second example electrical topol-
ogy of the third electrical machine 200C shown by FIG.
6B, each intermediate junction on each leg is located
between the respective second coil (412, 422, 432, 442,
452) and the respective third coil (413, 423, 433, 443,
453).

[0041] In the third example electric machine 200C,
each coil of the phase arrangement 300C is provided to
the stator 220 as follows. The first-leg first coil 411, the
second-leg second coil 422 and the third-leg third coil
433, the fourth-leg fourth coil 444 and the fifth-leg fifth
coil 455 form a part of a first stator tooth coil-grouping.
The first-leg second coil 412, the second-leg first coil 421,
the third-leg fourth coil 434, the fourth-leg fifth coil 445
and the fifth-leg third coil 453 form a part of a second
stator tooth coil-grouping. Further, the first-leg fifth coll
415, the second-leg third coil 423, the third-leg first coil
431, the fourth-leg second coil 442 and the fifth-leg fourth
coil 454 form a part of a third stator tooth coil-grouping.
The first-leg third coil 413, the second-leg fourth coil 424,
the third-leg fifth coil 435, the fourth-leg first coil 441 and
the fifth-leg second coil 452 form a part of a fourth stator
tooth coil-grouping. Finally, the first-leg fourth coil 414,
the second-leg fifth coil 425, the third-leg second coil 432,
the fourth-leg third coil 443 and the fifth-leg first coil 451
form a part of a fifth stator tooth coil-grouping.

[0042] In the example of FIGS. 6A and 6B, the first
stator tooth coil-grouping is provided to (e.g., wound
around) the first stator tooth 221, the second stator tooth
coil-grouping is provided to the second stator tooth 222,
the third stator tooth coil-grouping is provided to the third
stator tooth 223, the fourth stator tooth coil-grouping is
provided to the fourth stator tooth 224 and the fifth stator
tooth coil-grouping is provided to the fifth stator tooth 225.
Therefore, each stator tooth coil-grouping is provided to
a single stator tooth. However, this disclosure envisages
that each stator tooth coil-grouping may be provided to
(e.g., span across) a plurality of stator teeth, in which
case the number of teeth within the set of stator teeth
may be greater than the number of legs of the phase
arrangement.

[0043] To summarise, in each of the example electric
machines 200, 200B, 200C described above with respect
to FIGS. 2-7, each coil in each leg forms part of a different
stator tooth coil-grouping. In addition, each coil which
forms part of a respective stator tooth coil-grouping is
arranged coaxially with each other coil which forms part
of the same stator tooth coil-grouping (i.e., coaxial with
respect to a local radial axis 205 extending through the
respective coil).

[0044] Also, each leg is connected to the other legs by
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a branch at the respective intermediate junctions such
that each phase arrangement 300, 300B, 300C is in the
general form of a bridge circuit (e.g., a Wheatstone bridge
circuit). The legs 410, 420, 430, 440, 450 may be referred
to as parallel paths or parallel branches in the context of
the bridge circuit, as will be appreciated by those skilled
in the art. Moreover, in each of the example electric ma-
chines described above, the number of legs within the
phase arrangement 300, 300B, 300C is an odd integer
greater than one, with the number of stator teeth in the
set of stator teeth 221-225 being equal to the number of
legs within the or each phase arrangement 300, 300B,
300C. Consequently, each of the example electric ma-
chines 200, 200B, 200C of the present disclosure have
a rotational symmetry about the centre of the stator 220
which is an odd integer greater than one (that is, an odd
rotational symmetry greater than one).

[0045] Although the principles described herein may
advantageously be applied to electric machines having
a number of legs with within the phase arrangement 300,
300B, 300C which is an odd integer greater than one
(e.g., electric machines having an odd rotational symme-
try), the principles described herein may be more gener-
ally applied to electric machines having a number of legs
within the phase arrangement 300, 300B, 300C which is
an integer greater than two (including both odd and even
integers). Consequently, other example electric ma-
chines 200, 200B, 200C in accordance with the present
disclosure may have a rotational symmetry about the
centre of the stator 220 which is an integer greater than
two (that is, an odd rotational symmetry greater than one
or an even rotational symmetry greater than two).
[0046] Other electric machines may be constructed
which have each of the above features shared by the
example electric machines 200, 200B, 200C, as will be
apparent to those skilled in the art in view of the above-
described examples and the principles outlined above.
For instance, electric machines having a rotational sym-
metry of, for instance, 4, 7, 6, 8 or 9 may be constructed
in accordance with the present disclosure. The ability to
construct electric machines having an odd rotational
symmetry or an even rotational symmetry greater than
two enables a wider range of rotor pole and stator tooth
arrangements to be employed, which may in turn allow
a mass or a size of the electric machine to be reduced
depending on the particular objectives and constraints
of the technical application of the electric machine. For
instance, it may be that the technical application of the
electric machine requires the rotor 210 to rotate at a ro-
tational speed which lies within an optimal range of rota-
tional speeds. The optimal range of rotational speeds
may dictate that a rotor pole and stator tooth arrangement
having an odd rotational symmetry or an even rotational
symmetry greater than two is desirable. Such arrange-
ments are facilitated by the example electric machines
described herein.

[0047] Each of the example electric machines 200,
200B, 200C also includes an input system 360 which is
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electrically connected to the first primary junction 311
and the second primary junction 312 and is configured
to provide a single phase of an alternating-current (AC)
input voltage to the primary junctions 311, 312 of the
phase arrangement 300. Accordingly, the phase ar-
rangement 300 is associated with only a single phase of
an AC input voltage. In accordance with the present dis-
closure, an electric machine can comprise a plurality of
such phase arrangements, with each phase arrange-
ment being associated with a respective phase of an AC
input voltage (see the description of FIG. 9 below). Each
ofthe coils is generally configured to generate a magnetic
field when an electric current is conducted therethrough.
The rotor 210 comprises an arrangement of rotor poles
(i.e., magnetic regions) which are responsive to the mag-
netic field produced by the coils. Appropriate types and
arrangements of rotor poles within the rotor 210 will be
known to those skilled in the art and may include either
or both permanent magnets and electromagnets. The
rotor 210 may be a soft magnetic salient type of rotor or
an induction-based type of rotor such as a squirrel cage
rotor.

[0048] In particular, the rotor poles of the rotor 210 are
responsive to a motor component of the magnetic field
produced by the coils of the phase arrangement such
that a torque is applied to the rotor 210 by the motor
component of the magnetic field generated by the coils
when magnetised. The motor component of the magnetic
field is generated as a result of magnetising motor cur-
rents which flow in parallel through the respective legs
of the phase arrangement 300, 300B, 300C between the
first primary junction 311 and the second primary junction
312. The motor currents are specifically defined as the
average conventional currents which flow in parallel
through the legs of the phase arrangement 300, 300B,
300C between the first primary junction 311 and the sec-
ond primary junction 312, respectively. The electric ma-
chine 200, 200B, 200C is arranged so that the motor
currents passing through each leg of the phase arrange-
ment 300, 300B, 300C cause a torque to be applied to
the rotor 210 for rotation relative to the stator 220 by
means of the motor component of the magnetic field pro-
duced by the coils as a consequence of the motor cur-
rents flowing therethrough. However, the motor currents
balance each other and so do not cause any translational
force to be applied to the rotor 210. The motor currents
in each leg generally balance each other owing to the
similar configuration of the legs.

[0049] The phase arrangement 300, 300B, 300C is al-
so configured to permit an alignment current to flow be-
tween the first primary junction 311 and the second pri-
mary junction 312 through an alignment current path
which passes through at least one coil of two different
legs of the plurality of legs via at least one branch of the
plurality of branches (e.g., to bypass at least one coil of
each respective leg through which it flows, for example
by flowing through only the or each coil on only one side
of the respective intermediate junction). For example,
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along a path between the first intermediate junction 321
and the second primary junction 312, each alignment cur-
rent is superimposed on to any motor current which is
already flowing through the first leg from the first primary
junction 311 to the second primary junction 312. When
the alignment current flows through the alignment current
path, an alignment component of the magnetic field is
generated in addition to the motor component of the mag-
netic field as previously described. The magnetic field
generated by the coils may therefore be considered to
comprise both the motor component and the alignment
component when an alignment current is flowing along
the alignment current path. The rotor poles of the rotor
210 are responsive to the alignment component of the
magnetic field produced by the coils such that a transla-
tional force is applied to the rotor 210 by the alignment
component of the magnetic field generated by the coils.
The translational force applied to the rotor 210 by the
alignment component of the magnetic field may be re-
ferred to as unbalanced magnetic pull (UMP). Each of
the example electric machines 200, 200B, 200C enable
the application of UMP to electric machines having an
odd rotational symmetry or to electric machines having
an even rotational symmetry greater than two.

[0050] In each of the phase arrangements 300, 300B,
300C shown in FIGS. 2A-2B, 4 and 6A-6B, there are a
plurality of alignment current paths which pass through
at least one coil of two different legs of the plurality of
legs via at least one branch of the plurality of branches.
For example, in the example electrical topologies of the
first example electric machine 200 shown by FIGS. 2A
and 2B, there is a total of six alignment current paths
extending between the first primary junction 311 and the
second primary junction 312 as defined according to the
above criteria. These include: a first alignment current
path via the first-leg first coil 411 and the second-leg sec-
ond 422 and third coils 423, a second alignment current
path via the first-leg first coil 411 and the third-leg second
432 and third coils 433, a third alignment current path via
the second-leg first coil 421 and the first-leg second 412
and third coils 413, a fourth alignment current path via
the second-leg first coil 421 and the third-leg second 432
and third coils 433, a fifth alignment current path via the
third-leg first coil 431 and the second-leg second 422 and
third coils 423, and a sixth alignment current path via the
third-leg first coil 431 and the first-leg second 412 and
third coils 413. The electrical topologies of the respective
electrical machines 200B, 200C shown in FIGS. 4 and
6A-6B correspondingly each comprise a number of align-
ment current paths greater than six.

[0051] In each of the example electrical topologies
shown in FIGS. 2A and 2B, the second alignment current
path may either extend from the first primary junction 311
to the second primary junction 312 via the first-leg first
coil 411, the third branch 343 and the third-leg second
432 and third coils 433 or via the first-leg first coil 411,
the first branch 341, the second branch 342 as well as
the third-leg second 432 and third coils 433. While the
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third branch 343 provides a more direct route between
the respective primary junctions 311, 312 for the second
alignment current path, it will be appreciated thatin some
examples, the third branch 343 may not be present and
the second alignment current path is provided by the first
branch 341 and the second branch 343 (see FIG. 8). In
other words, the number of branches does not need to
be equal to the number of legs. However, as generally
applied to each of the electrical topologies shown by
FIGS. 2, 4 and 6A-6B, the number of branches must be
at least one fewer than the number of legs in order for
the phase arrangement 300, 300B, 300C to contain all
ofthe possible alignment current paths for each topology.
To illustrate this principle, only four branches 341-344
are shown in FIGS. 6A-6B, with a possible fifth branch
345 (as shown in FIG. 4) being omitted.

[0052] The interaction between the rotor poles of the
rotor 210 and the motor component of the magnetic field
produced by the coils is not adversely affected by the
presence of the alignment component of the magnetic
field, such that the alignment current does not cause any
significant alteration in the torque (e.g., no first order al-
teration in the torque) which is caused to be applied to
the rotor 210 as a result of the motor currents flowing
between the primary junctions 311, 312. In particular, no
substantial torque is caused to be applied to the rotor
210 as aresult of the alignment current flowing along the
branch 341. The origin of the alignment current is de-
scribed in further detail below.

[0053] The alignment currentflowing along each align-
ment current path during operation may comprise a dif-
ferential current which is passively-instigated as follows.
The electrical impedance of each coil of the phase ar-
rangement 300, 300B, 300C is dependent on the elec-
trical characteristics of each coil as well as the proximity
of the rotor poles of the rotor 210 to the respective coil
whenthe latter is magnetised, as will be apparent to those
skilled in the art. The electrical characteristics of each
coil include the number of turns of the respective caoil.
References herein to the concept of electricalimpedance
should be understood as including either or both electri-
cal resistance and electrical reactance (i.e., inductance
and/or capacitance) unless indicated otherwise. Each
coil of the phase arrangement 300, 300B, 300C may be
defined by a characteristic distance to the centre of the
stator 220 as measured from a geometrical centre 206
of the respective coil. The geometrical centre 206 of each
coil is representative of the proximity of the rotor poles
of the rotor 210 to the respective coil when the central
axis 201 of the rotor 210 is aligned with a centre of the
stator 220. Consequently, the characteristic distance is
directly related to the electrical impedance of the respec-
tive coils when the rotor 210 is in alignment with the stator
220 and when the respective coil is magnetised with an
electrical current. The electrical characteristics and the
characteristic distance to the centre of the stator 200 of
each coil are chosen such that when the rotor 210 is
aligned with respect to the stator 220 (i.e., when the cen-
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tral axis 201 of the rotor 210 is aligned with a centre of
the stator 220), the impedance of each of the cails is
equal and the bridge circuit is therefore balanced. Be-
cause the bridge circuit is balanced, no potential differ-
ence between the intermediate junctions exists and so
no electric current passively flows along any of the
branches.

[0054] If the rotor 210 is translationally displaced or
perturbed away from the centre of the stator 220 and
towards either the first tooth 221 (and away from the sec-
ond tooth 222 and the third tooth 223), towards the sec-
ond tooth 222 (and away from the first tooth 221 and the
third tooth 223) or towards the third tooth 223 (and away
from the first tooth 221 and the second tooth 222), the
impedance of each of the coils of the phase arrangement
300 varies accordingly. Accordingly, the bridge circuit is
no longer balanced and a potential difference between
at least one pair of intermediate junctions arises which
passively instigates a differential current to flow along at
least one of the branches between the respective inter-
mediate junctions. Depending on the direction in which
the central axis 201 of the rotor 210 is translated away
from the centre of the stator 220, the passively-instigated
differential current may flow between each intermediate
junction connected by a respective branch in different
directions.

[0055] For instance, if the bridge circuit is no longer
balanced such that the potential difference at the first
intermediate junction 321 is higher than the potential dif-
ference at the second intermediate junction 322 while
the potential difference at the third intermediate junction
323 is higher than the potential difference at the second
intermediate junction 322, a positive differential current
(that is, a conventional current) is passively-instigated to
flow from the first intermediate junction 321 to the second
intermediate junction 322 (labelled as /, in FIG. 2A) while
another positive differential current is passively-instigat-
ed to flow from the third intermediate junction 323 to the
second intermediate junction 322 (labelled as /4 in FIG.
2A). If the potential difference at the third intermediate
junction 323 is higher that the potential difference at the
first intermediate junction 321, a further positive differen-
tial current is passively-instigated to flow from the third
intermediate junction 323 to the firstintermediate junction
321 (labelled as Iy in FIG. 2A). However, for ease of ex-
planation, this possibility is not considered in the following
description. Nevertheless, those skilled in the art will un-
derstand how this further positive differential current, /,,
interacts with the other currents described herein in view
of the following description of the same. The conventional
current flowing from the first primary junction 311 to the
first intermediate junction 321 (labelled as /, in FIG. 2A)
is therefore greater than the conventional current flowing
from the firstintermediate junction 321 to the second pri-
mary junction 312 (labelled as /5 in FIG. 2A), and the
conventional current flowing from the first primary junc-
tion 311 to the second intermediate junction 322 (labelled
as I4in FIG. 2A) is smaller than the conventional current
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flowing from the second intermediate junction 322 to the
second primary junction 312 (labelled as /5 in FIG. 2A).
In addition, the conventional current flowing from the first
primary junction 311 to the third intermediate junction
323 (labelled as /7 in FIG. 2A) is therefore greater than
the conventional current flowing from the third interme-
diate junction 323 to the second primary junction 312
(labelled as /g in FIG. 2A).

[0056] The following analysis of the above scenario
according to Kirchhoff’s circuit laws is provided. A total
current flowing out of the first primary junction 311 may
be considered to be equal to a sum of /,, I, and /5. Con-
versely, a total current flowing into the second primary
junction 312 may be considered to be equal to a sum of
I3, Is and Ig. A total current flowing into the first interme-
diate junction 321 is equal to /, whereas a total current
flowing out of the first intermediate junction 321 is equal
to asum of /;and /5. Therefore, I, =1, + 153+ Ig. Similarly,
a total current flowing into the second intermediate junc-
tion 322 is equal to a sum of /4, I, and /g whereas a total
current flowing out of the second intermediate junction
322isequalto /s Therefore, I5=1,+1,+ l5. Consequently,
the total current flowing out of the first primary junction
311 may be written as I, + I3+ I, + |5 + Ig and the total
current flowing into the second primary junction 312 may
also be written as I; + I3+ I, + |5 + Ig. The positive differ-
ential current, I, is equal to one of the possible alignment
currentsreferred to herein (e.g., afirstalignment current),
the additional positive differential current, /g, is equal to
another one of the alignment currents referred to herein
(e.g., a second alignment current), whereas the conven-
tional current flowing from the first primary junction 311
to the second intermediate junction 322, /4, is equal to a
first motor current, the conventional current flowing from
the first intermediate junction 321 to the second primary
junction 312, /5, is equal to a second motor current, and
the conventional current flowing from the third interme-
diate junction 323 to the second primary junction 312, /g,
is equal to a third motor current. The conventional current
flowing from the second intermediate junction 322 to the
second primary junction 312, /5, is a result of a superim-
position of the first motor current, /,, the first alignment
current, /; and the second alignment current, /¢, while the
conventional current flowing from the first primary junc-
tion 311 to the firstintermediate junction 321, /,, isa result
of a superimposition of the second motor current, /5, and
the first alignment current, /;, and while the conventional
current flowing from the first primary junction 311 to the
third intermediate junction 323, /,, is a result of a super-
imposition of the third motor current, /g, and the second
alignment current, /.

[0057] For this reason, the alignment current(s) have
been described herein as flowing between the first pri-
mary junction 311 and the second primary junction 321
via at least one branch 341, 342, 343 of the plurality of
branches 341, 342, 343. However, this should not be
understood as requiring that the total current flowing be-
tween the first primary junction 311 and the second pri-
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mary junction 321 must change in order for the alignment
current(s) to flow. In particular, it may be that a respective
motor current is reduced when an alignment current
flows, such that the total current flowing between the first
primary junction 311 and the second primary junction 321
does not change even when there is an alignment cur-
rent. Accordingly, inthe presentdisclosure, the alignment
current is considered to be and described as a current
which may be superimposed on a motor current along
portions of a respective leg, such that the motor current
is also considered to be constant along the respective
leg 410, 420, 430 (e.g., on either side of the intermediate
junctions 321, 322, 323), despite the total (i.e., superim-
posed) currents along the respective leg varying either
side of a respective intermediate junction 321, 322, 323.
[0058] Nevertheless, in an equally correct but alterna-
tive conceptualisation of the alignment current(s), align-
ment current(s) may be described as the current flowing
across the at least one branch 341, 342, 343 of the plu-
rality of branches 341, 342, 343. If so, the respective
motor currents may be described as varying along the
respective leg 410, 420, 430 (e.g., on either side of the
intermediate junctions 321, 322, 323) corresponding to
the addition of the respective alignment current that flows
into or out of the respective intermediate junction 321,
322,323 fromorintothe respective branch 341, 342, 343.
[0059] It may be that the electric machine 200, 200B,
200C comprises a plurality of active differential current
sources, each of the active differential current sources
being positioned on a respective branch 341-345. FIG.
2A shows a first example electrical topology for the first
example electric machine 200 which comprises a first
active differential current source 371 located on the first
branch 341, a second active differential current source
372 positioned on the second branch 342 and a third
active differential current source 373 positioned on the
third branch 343. Each active differential current source
371-373 is configured to inject a respective differential
current into each leg connected by the branch on which
the respective actively differential current source is po-
sitioned. In the electrical topology of the first example
electric machine 200 shown by FIG. 2A, the first active
differential current source 371 is operable to inject a first
active differential current into the first leg 410 or the sec-
ond leg420. The second active differential current source
372 is configured to inject a second active differential
current into the second leg 420 or the third leg 430, and
the third active differential current source 373 is able to
inject a third active differential current into the third leg
430 or the first leg 410. As a result of conservation of
electric charge, when each active differential current is
injected into one of the legs connected by the respective
branch, the active differential current is effectively drawn
from the first primary junction 311 via the other leg con-
nected by the respective branch.

[0060] By way of example, when the first active differ-
ential current source 371 injects the first active differential
current into the first leg 410, the first active differential
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current is conducted from the first intermediate junction
via the first-leg second coil 412 and the first-leg third coil
413 to the second primary junction 312. Accordingly, the
first active differential current flows along the first align-
ment current path described above. Conversely, when
the first active differential current source 371 injects the
first active differential current into the second leg 420,
the first active differential current flows along the second
alignment current path. Consequently, in use, each ac-
tive differential current forms at least a part of an align-
ment current which flows between the first primary junc-
tion 311 and the second primary junction 312 via the re-
spective branch. In some operating conditions, it may be
that the alignment current flowing along a given align-
ment current path only comprises the actively-instigated
differential current provided by the respective active dif-
ferential current source. In other operating conditions,
the alignment current flowing along a given alignment
current path may comprise both the actively-instigated
differential current provided by the respective active dif-
ferential current source and the passively-instigated dif-
ferential current discussed above.

[0061] When the alignment current flows through at
least one of the alignment current paths of the phase
arrangement 300, 300B, 300C, an alignment component
of the magnetic field is generated in addition to the motor
component of the magnetic field generated as a result of
the motor currents which flow through each leg previously
described. The magnetic field generated by the coils may
therefore be considered to comprise both the motor com-
ponent and the alignment component. The rotor poles of
the rotor 210 are responsive to the alignment component
of the magnetic field produced by the coils such that a
translational force is applied to the rotor 210 by the align-
ment component of the magnetic field generated by the
coils when magnetised. As a result, the electric machine
200 is arranged so that the alignment current passing
through atleast one coil of each leg causes a translational
force to be applied to the rotor 210 for maintaining align-
ment of the rotor 210 with respect to the stator 220 by
means of the alignment component of the magnetic field
produced by the coils as a consequence of the alignment
current flowing therethrough.

[0062] The interaction between the rotor poles of the
rotor 210 and the motor component of the magnetic field
produced by the coils is not adversely affected by the
presence of the alignment component of the magnetic
field, such that the alignment current does not cause any
significant alteration in the torque which is caused to be
applied to the rotor 210 as a result of the motor currents
flowing between the primary junctions 311, 312. In par-
ticular, no substantial torque is caused to be applied to
the rotor 210 as a result of the alignment current flowing
along the branch 341.

[0063] The translational force associated with the
alignment current generally results in a translation in the
opposite direction to the direction in which the rotor 210
has been translated away from the centre of the stator
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and towards the respective stator tooth. The translational
force may act in a direction which opposes rotation of a
central axis 209 of the rotor 210 around a geometrical
centre of the stator 220 (similar to the central axis 209
orbiting the geometrical centre of the stator 220), the ac-
tion of which may realign the central axis 209 of the rotor
210 with the geometrical centre of the stator 220 as such
rotation progresses. In addition, a magnitude of the align-
ment current is a consequence of a magnitude of the
potential difference between the intermediate junctions,
whichisinturn dependent on a magnitude of the changes
in impedance of the respective coils brought about by a
change in the proximity of the rotor poles of the rotor 210
to the respective coils. As a result, a magnitude of the
translational force is dependent on a magnitude of the
displacement of the rotor 210 away from the centre of
the stator 220 and toward the respective stator tooth. In
this way, the translational force associated with the align-
ment current is broadly proportional to the displacement
of the rotor 210 away from the centre of the stator 220.

[0064] In addition to the plurality of active different cur-
rent sources, the electric machine 200, 200B, 200C may
also comprise a controller 390 and a sensor arrangement
392. The sensorarrangement 392 is generally configured
to monitor a translational position of the rotor 210 with
respectto the stator 220 and to monitor arotational speed
of the rotor 210. For the purpose of monitoring the trans-
lational position of the rotor 210, the sensor arrangement
392 may include, for example, two position sensors lo-
cated at orthogonal positions, each position sensor being
configured to output a signal corresponding to the trans-
lational displacement of the rotor 210 in mutually perpen-
dicular directions. For example, the first position sensor
may be configured to monitor the displacement of the
rotor 210 in a direction parallel to the arrow 202 (which
may be referred to as a y-direction) and the second po-
sition sensor may be configured to monitor the displace-
ment of the rotor 210 in a direction parallel to the arrow
204 (which may be referred to as an x-direction). Other-
wise, suitable sensor types for monitoring the position of
the rotor 210 and/or the rotational speed of the rotor 220
will be apparent to those skilled in the art.

[0065] Based on the monitored translational position
of the rotor 210, the monitored rotational speed of the
rotor 210 and the magnitude of the motor currents flowing
between the primary junctions 311, 312, the controller
390 calculates a magnitude and a direction of a required
resultant force for translating the central axis of the rotor
210 back to the centre of the stator 220. The magnitude
and the direction of the required resultant force dictates
into which alignment current path an actively instigated
differential current is required to flow as well as the mag-
nitude of each actively-instigated differential current in
the respective alignment current path in order for the cen-
tral axis 201 of the rotor to be returned to the centre of
the stator 220. The controller 390 then regulates the mag-
nitude of the respective actively-instigated differential
current injected by each of the plurality of active differ-
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ential current sources 371-373 based on the determined
magnitude and direction of the force to provide the re-
quired actively-instigated differential currents and there-
by maintain alignment of the rotor 210 with respect to the
stator 220. As a result, the electric machine 200, 200B,
200C is able to effectively maintain alignment of the rotor
210 withrespect to the stator 220 by means of the plurality
of active current sources 371-373.

[0066] The electrical machine 200 is therefore able to
provide a translational force to the rotor 210 when the
rotor 210 is brought out of alignment (i.e., misaligned)
with the centre of the stator 220 by, for instance, an ex-
ternal force. The external force may originate from, for
example, the mechanical system to which the rotor 210
is configured to be coupled. The external force may rap-
idly vary in time such that the rotor 210 is subject to os-
cillatory translation (that is, is subject to vibration). In par-
ticular, it may be that the rotor 210 is prone to vibrate
excessively at specific rotational speeds of the rotor 210
(referred to as critical speeds), which if unmitigated, may
cause damage to the electric machine 200 and/or the
mechanical system. However, the translational force as-
sociated with the alignment current may act to reduce
displacement of the rotor 210 away from the centre of
the stator 220 and thereby dampens oscillatory transla-
tion (i.e., vibration) of the rotor 210. This improves me-
chanical performance of the electrical machine 200 and
reduces a likelihood of damage to the electrical machine
200 itself or to a mechanical system to which the rotor
210 is coupled during operation. In other words, the elec-
tric machine 200 can function as if it contained a contact-
less bearing which maintains alignment of the rotor 210
with respectto the stator 200 in use, the contactless bear-
ing function being provided by an interaction between
the alignment component of the magnetic field and the
rotor poles of the rotor 210. Advantageously, this function
is achieved without requiring separate sets of coils for
the purpose of applying translational force and torque,
respectively, to the rotor 210. The present disclosure
therefore refers to the current which provides the trans-
lational force as an alignment current.

[0067] In the phase arrangement 300, 300B, 300C,
each intermediate junction is located so that, in each leg,
a total number of turns of the or each coil connected in
series between the first primary junction 311 and the re-
spective intermediate junction is equal to a total number
of turns of the or each coil connected in series between
the respective intermediate junction and the second pri-
mary junction 312. Because the electrical impedance
(e.g., inductance) of each coil is dependent on the
number of turns of the respective coil, applying this cri-
terion to the phase arrangement 300, 300B, 200C en-
sures that when the rotor 210 is aligned with the stator
220, the impedance of each of the coils is equal and the
bridge circuitis correctly balanced and that when the rotor
210 is misaligned with the stator 200, the magnitude of
the change of impedance of each of the coils of each leg
410-430 corresponds to the magnitude of the displace-
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ment of the central axis 201 of the rotor 210. As a result,
the magnitude of the potential difference between the
intermediate junctions which arises as a result of the
change in the magnitude of the impedance of the coils
corresponds to the displacement of the central axis 201
of the rotor 210. It follows that the magnitude of the pas-
sively-instigated differential current which flows along a
given alignment current path being directly corresponds
to the magnitude of the displacement of the central axis
201 of the rotor 210. Therefore, the magnitude of the
translational force applied to the rotor 210 by the align-
ment component of the magnetic field generated by the
coils as a result of the passively-instigated differential
current corresponds to the displacement of the rotor 210
with respect to the stator 220. The application of this cri-
terion therefore ensures that the translational force ap-
plied to the rotor 210 as a consequence of the passively-
instigated differential current is a translational force suit-
able for maintaining alignment of the rotor 210 with re-
spect to the stator 220.

[0068] When applied to the electrical topologies of the
first electrical machine 200 shown by FIGS. 2A and 2B,
this criterion requires that, in each leg 410-430, the
number of turns of each of the first coils 411, 421,431 is
equal to a sum of the number of turns of the second coils
412,422,432 and third coils 413,423, 433. Equally, when
applied to the electrical topology of the second electrical
machine 200B shown by FIG. 4, this criterion requires
that, in each leg 410-450, the number of turns of each of
the first coils 411, 421, 431, 441, 451 is equal to a sum
of the number of turns of the second coils 412, 422, 432,
442,452 and third coils 413, 423, 433, 443, 453. In turn,
when applied to the first example electrical topology of
the third example electrical machine 200C shown by FIG.
6A, this criterion requires that, in each leg 410-450, the
number of turns of each of the first coils 411, 421, 431,
441, 451 is equal to a sum of the number of turns of the
second coils 412, 422, 432, 442, 452, the third coils 413,
423, 433, 443, 453, the fourth coils 414, 424, 434, 444,
454 and the fifth coils 415, 425, 435, 445, 455. However,
when applied to the second example electrical topology
of the third example electrical machine 200C shown by
FIG. 6B, this criterion requires that, in each leg 410-450,
a sum of the number of turns of each of the first coils 411,
421, 431, 441, 451 and the second coils 412, 422, 432,
442, 452 coils is equal to a sum of the number of turns
of the third coils 413, 423, 433, 443, 453, the fourth coils
414,424,434, 444, 454 and the fifth coils 415, 425, 435,
445, 455,

[0069] For ease of visualisation, each coil is shown as
being radially offset from each other coil which forms part
of the same statortooth 221,222,223 in FIG. 3. However,
preferably each coil is intertwined with each other coil
which forms part of the same stator tooth 221, 222, 223
such that each coil which forms a part of each stator tooth
221,222,223 is defined by approximately the same char-
acteristic distance to the centre of the stator 220. If so, it
follows that a mean average characteristic distance to
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the centre of the stator 220 of each of the coils in the first
leg 410 is approximately equal to a mean average char-
acteristic distance to the centre of the stator 220 of each
of the coils in the second leg 420. More generally, in each
leg, a mean average characteristic distance to the centre
of the stator 220 of each of the coils is approximately
equal to a mean average characteristic distance to the
centre of the stator 220 of each of the coils in each other
leg. This ensures that when the rotor 210 is aligned with
the stator 220, the impedance of each of the coils is equal
and the bridge circuit is correctly balanced and that when
the rotor 210 is misaligned with the stator 200, the mag-
nitude of the change of impedance of each of the coils
of each leg corresponds to the magnitude of the displace-
ment of the rotor 210 (and therefore the magnitude of the
passively-instigated differential current which flows along
agiven alignment current path being directly corresponds
to the magnitude of the displacement of the central axis
201 of the rotor 210). The same principle applies to the
further embodiments described herein.

[0070] Instead of the plurality of active differential cur-
rent sources 371-373, the electric machine 200, 200B,
200C may comprise a plurality of negative impedance
converters (which may otherwise be referred to as a neg-
ative impedor), each of the plurality of negative imped-
ance converters being positioned on a respective branch
341-345. FIG. 2B shows a second example electrical to-
pology for the first example electric machine 200 which
comprises a first negative impedance converter 351 lo-
cated on the first branch 341, a second negative imped-
ance converter 352 positioned on the second branch 342
and a third negative impedance converter 353 positioned
on the third branch 343. In contrast to the delta arrange-
ment of the branches 341-343 shown in FIG. 2A, the
branches 341-343 shown in FIG. 2B are connected to
each other to form a star arrangement, as will be under-
stood by those skilled in the art. Each negative imped-
ance converter 351-353 may also be referred to as a
negative impedance device or a negative impedance
converter. Each negative impedance converter 351-353
is an active component which is configured to add a neg-
ative electrical impedance to each alignment current path
by introducing or injecting additional electrical energy into
one of the alignment current paths, depending on wheth-
er the alignment current is flowing through the first align-
ment current path or the second alignment current path
as appropriate. Each negative impedance converter may
be configured to add either an effective negative electri-
cal resistance into one of the alignment current paths, an
effective negative electrical reactance into one of the
alignment current paths or both an effective negative
electrical resistance and an effective negative electrical
reactance into one of the alignment current paths. Ac-
cordingly, each negative impedance converter 351-353
may function as either a negative resistor, a negative
inductor or a combination of a negative resistor and a
negative inductor.

[0071] The negative impedance converters 351-353
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are collectively configured to reduce an overall imped-
ance of each alignment current path by adding a negative
electrical impedance to the positive impedance of the
alignment current path. As discussed above, the coils
are generally configured to generate a magnetic field
when a magnetising electric current is conducted there-
through. For this reason, each coil may generally have
a substantial positive impedance (e.g., resistance and/or
inductance) due to, for instance, a large number of turns
of the coil required to produce a sufficiently large mag-
netic field for driving the rotor 210. In a previously-con-
sidered electric machine, the positive impedance of the
alignment current path provided by the coils limits the
magnitude of the passively-instigated differential current
between respective intermediate junctions such that the
magnitude of the translational force applied to the rotor
210 for maintaining alignment of the rotor 210 with re-
spect to the stator 220 is correspondingly limited. In con-
trast, the electric machine 200 of the present disclosure
ensures that the magnitude of the translational force ap-
plied to the rotor 210 is sufficient to overcome an external
force applied to the rotor 210 and thereby return the cen-
tral axis 201 of the rotor 210 toward a position which is
closer to the centre of the stator 220 by making use of
the negative impedance converter 351-353 to reduce the
total impedance of the alignment current path and there-
by aid the flow of the passively-instigated differential cur-
rent between respective intermediate junctions 321-323.
Consequently, the electric machine 200 is able to more
effectively maintain alignment of the rotor 210 with re-
spect to the stator 220 and/or more effectively dampen
any vibration of the rotor 210 in use.

[0072] Each negative impedance converter 351-353
may comprise, for instance, an operational-amplifier cir-
cuit as described in H. Ma and B. Yan, "Nonlinear damp-
ing and mass effects of electromagnetic shunt damping
for enhanced nonlinear vibration isolation," Mechanical
Systems and Signal Processing, vol. 146, p. 107010,
2021 or X. Zhang, H. Niu and B. Yan, "A novel multimode
negative inductance negative resistance shunted elec-
tromagnetic damping and its application on a cantilever
plate," Journal of Sound and Vibration, vol. 331, No. 10,
pp. 2257-2271, 2012. Such operational-amplifier circuits
provide a simple and robust implementation of the neg-
ative impedance converters 351-353. Additionally, such
operational-amplifier circuits enable a magnitude of the
effective negative impedance of each negative imped-
ance converter 351-353 to be controlled by controlling
the additional electrical energy introduced to the align-
ment current path by the respective negative impedance
converter 351-353. Otherwise, each negative impedance
converter 351-353 may have another suitable electrical
topology as discussed below with reference to FIG. 8.
[0073] FIG. 8 is a circuit diagram which shows an in-
ternal electrical topology of an example negative imped-
ance converter 351 comprising a current source 510 and
a ballast impedance converter 520 connected in parallel
at a first junction 511 and a second junction 512. In turn,
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the ballastimpedance converter 520 comprises a ballast
resistor 522 and a ballast inductor 524 connected in se-
ries. The internal electrical topology of the example neg-
ative impedance converter 351 may be applied to each
negative impedance converter 351-353 of the plurality of
negative impedance converters 351-353 discussed
above.

[0074] For the purpose of the following discussion, the
negative impedance converter 351 is considered to have
a total effective impedance denoted by Z,, a net total cur-
rent passing out of the negative impedance converter is
considered to be /;and a voltage change across the neg-
ative impedance converter 351 is represented by V. Sim-
ilarly, the ballast impedance converter 520 has a ballast
impedance Z, and a current passing through the ballast
impedance converter is labelled as /,,. Finally, an electric
current provided by the current source 510 is denoted by
I. By analysing the current flows in and out of the second
junction 512 using Kirchhoff’s current law, it is apparent
that I = I; + I,. After applying Ohm’s law to the right hand
side of this equation, this may then be expressed as /g =
(VIZy) + (VIZp,). Using this equation, the magnitude of the
electric current provided by the current source 510 re-
quired to achieve a total effective impedance of -Z; may
be determined. Accordingly, by varying the magnitude of
the electric current provided by the current source 510,
the magnitude of the effective negative impedance added
to the alignment current path by the negative impedance
converter 351 may be controlled.

[0075] Preferably, the current source 510 comprises a
switched-mode power-electronicdrive. Suchan arrange-
ment provides an especially energy efficient current
source 510 for incorporation within the negative imped-
ance converter 351, which in turn improves an energy
efficiency of the electric machine 200. However, such
arrangements may increase a complexity of the negative
impedance converter 351 compared to, for instance, a
negative impedance converter 351 comprising an oper-
ational-amplifier circuit as discussed above. Neverthe-
less, in various applications of the electric machine 200
where energy efficiency is highly advantageous (such as
in the context of aircraft and aircraft propulsion systems),
the benefits provided by an improved energy efficiency
of the electric machine 200 outweigh any drawbacks as-
sociated with the increased complexity of the electric ma-
chine 200.

[0076] Returning nowtoFIGS.2B and 3, each negative
impedance converter 351-353 may be configured to con-
trol the additional energy introduced to the alignment cur-
rent path such that the magnitude of the effective nega-
tive impedance added to the alignment current path by
the respective negative impedance converter 351-353 is
less than a magnitude of the total positive electrical im-
pedance of the alignment current path. As a result, the
magnitude of the effective negative impedance added to
the alignment current path by the respective negative
impedance converter 351-353 is never greater than the
total positive impedance of the alignment current path,
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which would result in the overall electrical impedance of
the alignment current path being negative. If this were
the case, the respective negative impedance converter
351-353 would immediately begin providing an incre-
mentally increasing amount of electrical energy to the
alignment current path as soon as a potential difference
between the respective intermediate junctions 321-323
arose, which would cause the respective negative im-
pedance converter351-353 to rapidly reach and operate
at a maximum power-rating whenever an alignment cur-
rent flowed across the branch 341-343 due to the poten-
tial difference between the respective intermediate junc-
tions 321-323. This is associated with various disadvan-
tages, including a reduced energy efficiency of the elec-
trical machine 200 and a reduced mean time between
failures (MTBF) of the negative impedance converter
351-353.

[0077] Each negative impedance converter 351-353
may also be configured to control the additional electrical
energy introduced to the alignment current path such that
the magnitude of the negative electrical impedance add-
ed to the alignment current path by the respective neg-
ative impedance converter 351-353 is equal to a target
value. The target value may be chosen to ensure that
the overall impedance of the alignment current path is
sufficiently low such that the potential difference which
arises between the respective intermediate junctions
321-323 results in a sufficiently large current flowing
across the respective branch 341-343 which in turn caus-
es the application of a translational force to the rotor 210
of sufficient strength for maintaining alignment ofthe rotor
210 with respect to the stator 220. The target value may
also be chosen to ensure that a safety margin between
the magnitude of the negative electrical impedance add-
ed to the alignment current path by the negative imped-
ance converter 351-353 and the magnitude of the total
positive impedance of the alignment current path is main-
tained. In particular, the target value may be expressed
as a fraction of the total positive impedance of the align-
ment current path. For example, the target value may be
between 70% and 99% of the total positive impedance
of the alignment current path. Preferably, the target value
may be between 90% and 99% of the total positive im-
pedance of the alignment current path. More preferably,
the target value may be approximately 95% of the total
positive impedance of the alignment current path such
that the magnitude of the negative electrical impedance
added to the alignment current path by each negative
impedance converter 351-353 is no greater than 95% of
the magnitude of the total positive electrical impedance
of the alignment current path. This provides a simple,
precise and effective control regime for each negative
impedance converter 351-353 in use.

[0078] The negative impedance converter may com-
prise or be configured to access a memory which stores
a predetermined value for the total positive impedance
of the alignment current path based on the theoretically
or experimentally assessed impedance values of each
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of the coils at particular rated conditions, along with sim-
ilar impedance values for any other components of the
alignment current path. Each negative impedance con-
verter 351-353 may control (and be configured to control)
the additional energy introduced to the alignment current
path based on the stored predetermined total positive
impedance value of the alignment current path to achieve
the control objectives outlined above. The negative im-
pedance converter 350 may comprise any suitable
processing circuitry and machine-readable instructions
for reading the predetermined total positive impedance
value and responsively performing the associated con-
trol.

[0079] The electric machine 200 may further comprise
a monitoring arrangement 391 which is configured to de-
termine the total positive electrical impedance of each
alignment current path. The total positive impedance of
each alignment current path is equal to the total equiva-
lent series impedance of the phase arrangement 300,
300’ between the first primary junction 311 and the sec-
ond primary junction 312 if the respective negative im-
pedance converter 351-353 were not present. Each neg-
ative impedance converter 351-353 may control the ad-
ditional electrical energy introduced to the alignment cur-
rent path at the respective intermediate junctions
321-323 based on the determined positive electrical im-
pedance of the alignment current path. This arrangement
provides that each negative impedance converter
351-353 is able to effectively control the magnitude of
the negative electricalimpedance added to the alignment
current path so that the magnitude of the negative elec-
tricalimpedance introduced to the alignment current path
is always less than the magnitude of the total positive
electrical impedance of the alignment current path, and
optionally is always equal to the predetermined target
value, across a wide range of operating states of the elec-
trical machine 200.

[0080] The total positive electrical impedance of each
alignment current path may vary according to an operat-
ing state of the electrical machine 200. In particular, it
may be that the electrical resistance of the coils is prima-
rily dependent on the temperature of the coils. For ex-
ample, for coils which are formed using copper as the
electrically conductive material, the resistance of the coils
may change by approximately a factor of 2 as the tem-
perature of the coils varies by 100°C. The electrical in-
ductance of the coils may also be temperature depend-
ent, albeit to a lesser extent than the electrical resistance
of the coils. The temperature of the coils is generally re-
lated to resistive heat dissipation within the phase ar-
rangement as a result of the motor current(s) through
them, which typically have a significantly larger magni-
tude than the alignment current as described above. It
follows that when the magnitude of the motor currents is
increased (such as when the torque applied to the rotor
210 is increased), the temperature of the coils also in-
creases. In typical use, the resistive heat dissipation as-
sociated with the motor currents may cause the variation
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in the temperature of the coils to be sufficiently large so
that the related variation of the impedance of the coils is
significant.

[0081] The monitoring arrangement 391 may deter-
mine the total positive impedance of each alignment cur-
rent path by directly monitoring the impedance of each
leg or each coil. Otherwise, the monitoring arrangement
391 may determine the total positive impedance of each
alignment current path by monitoring a temperature of
the electric machine 200 and subsequently evaluating a
mathematical relationship between the temperature of
the electric machine 200 and the positive impedance of
each alignment current path. The temperature of the
electric machine 200 is generally representative of the
temperature of the coils, and may be a temperature of
any of the coils themselves or it may be a temperature
of the stator teeth 221-225 which is directly related to the
temperature of the coils, or a thermally coupled compo-
nent. The mathematical relationship may take the form
of an analytical relationship or a numerical relationship.
The analytical relationship may take the form of an alge-
braic equation. The numerical relationship may be rep-
resented by a look-up table or similar stored in a memory
of the monitoring arrangement 391, such that the moni-
toring arrangement 391 is able to reference the look-up
table so as to determine the positive impedance of each
alignment current path based on the monitored temper-
ature of the electrical machine 200.

[0082] FIG.9is acircuit diagram which shows an elec-
trical topology of a fourth example rotary electric machine
200’. FIG. 10 shows a schematic cross-sectional view of
the fourth example rotary electric machine 200’. Compo-
nents of the electric machine 200’ will be described with
reference to both FIGS. 9 and 10. The fourth example
electric machine 200’ is generally similar to the first ex-
ample electric machine 200 described above with refer-
ence to FIGS. 2A-2B and 3, with like reference signs
indicating common or similar features. Nevertheless, it
should be appreciated that the fourth electrical machine
200’ may have any of the features described above with
respect to the first electrical machine 200 even if these
features are not shown on FIGS. 9 and 10. However, in
the fourth example electric machine 200’, the phase ar-
rangement 300 is a first phase arrangement 300 and the
electric machine 200’ further comprises a second phase
arrangement 300’ such that the electric machine 200’
comprises a plurality of phase arrangements 300, 300'.
The second phase arrangement 300’ is similar to the first
phase arrangement 300, with common or similar features
being indicated by corresponding reference numerals
distinguished by the prime symbol (‘). Collectively, the
first phase arrangement 300 and the second phase ar-
rangement 300’ may be referred to as a winding of the
electric machine 200'.

[0083] In addition, in the example of FIGS. 9 and 10,
the set of stator teeth 221, 222, 223 is a first set of stator
teeth 221, 222, 223 and the electric machine 200’ also
comprises a second set of stator teeth 221’, 222’ 223’
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such that the electric machine 200’ comprises a plurality
of sets of stator teeth. The second set of stator teeth 221°-
223’ is similar to the first set of stator teeth 221-223 with
common or similar features also being indicated by cor-
responding reference numerals distinguished by the
prime symbol (‘). Each set of stator teeth 221-223, 221’-
223’ is radially offset with respect to each other set of
stator teeth 221-223, 221°-223’ around the rotor 210.
Each of the plurality of sets of stator teeth 221-223, 221’-
223’ is provided with a respective phase arrangement
300, 300’ of the plurality of phase arrangements 300,
300'.

[0084] The input system 360 is electrically connected
to the first primary junction 311 and the second primary
junction 312 of the first-leg first phase arrangement 300
as well as the first primary junction 311’ and the second
primary junction 312" of the first-leg second phase ar-
rangement 300’. The input system 360 is configured to
provide a first AC input voltage to the primary junctions
311, 312 of the first-leg first phase arrangement 300 and
to provide a second AC input voltage to the primary junc-
tions 311’, 312’ of thefirst-leg second phase arrangement
300'.

[0085] Inparticular, the inputsystem 360 shownin FIG.
9is provided with four separate terminals. Therefore, the
input system 360 may be operated so that a phase of the
first AC input voltage is different to a phase of the second
AC input voltage. Consequently, the electric machine
200’ may be operated as a two-phase electric machine.
However, it will be appreciated that the electric machine
200’ may comprise any suitable number of phase ar-
rangements in the manner described above, and the in-
put system 360 may be provided with an appropriate
number of terminals such that the input system 360 is
electrically connected to the first primary junction and the
second primary junction of each phase arrangement
such that the electric machine 200’ is operable as a poly-
phase electric machine. As an example, the electric ma-
chine may comprise three phase arrangements, and the
input system 360 may be provided with three separate
terminals such that the electric machine 200 may be op-
erated as a three-phase electric machine. Operation of
the electric machine 200’ as a polyphase electric ma-
chine may enable smoother and/or more consistent me-
chanical power transfer to a mechanical system which is
coupled to the rotor 210 as the rotor 210 rotates relative
to the stator 220 relative to the central axis 201.

[0086] Although it has been described that each coil is
wound around a respective stator tooth (or plurality of
stator teeth), the disclosure envisages implementations
in which this is not the case. For example, it may be that
each coil is wound around a magnetic material within the
respective stator tooth (or plurality of stator teeth), such
that each coil is disposed within the respective stator
tooth (or plurality of stator teeth) and that each coil is
arranged coaxially with each other coil which forms part
of the same stator tooth.

[0087] Additionally, while it has been described that

10

15

20

25

30

35

40

45

50

55

16

the first example electric machine 200 may comprise a
plurality of active differential current sources or a plurality
of negative impedance converters, it may be that any of
the electric machines described herein do not comprise
either a plurality of active differential current sources or
a plurality of negative impedance converters.

[0088] Further, while the fourth electrical machine 200’
has been described as being generally similar to the first
electrical machine 200, it should be appreciated that the
principles described in respect of the fourth electrical ma-
chine 200’ may be applied, mutatis mutandis, to the sec-
ond electrical machine 200B and the third electrical ma-
chine 200C described above with reference to FIGS. 4
to7.

[0089] Various examples have been described, each
of which feature various combinations of features. It will
be appreciated by those skilled in the art that, except
where clearly mutually exclusive, any of the features may
be employed separately or in combination with any other
features and the invention extends to and includes all
combinations and sub-combinations of one or more fea-
tures described herein.

[0090] It will also be appreciated that whilst the inven-
tion has been described with reference to aircraft and
aircraft propulsion systems, the electric machine drive
techniques described herein could be used for many oth-
er applications. These include, but are not limited to, au-
tomotive, marine and land-based applications.

Claims

1. An electric machine (200, 200B, 200C, 200’) com-
prising a stator (220), a rotor (210) configured to ro-
tate relative to the stator, the stator having a phase
arrangement (300), wherein:

the phase arrangement includes a number of
legs (410, 420, 430, 440, 450) connected in par-
allelatafirst primary junction (311) and a second
primary junction (312), the number of legs being
an integer greater than two;

each leg includes a plurality of coils (411-415,
421-425,431-435, 441-445, 451-455) connect-
ed in series through a respective intermediate
junction (321-325), each coil comprising a
number of turns;

each leg is connected to at least one other leg
of the legs by a branch (341-345) at the respec-
tive intermediate junctions such that the phase
arrangement is in the form a bridge circuit;

the phase arrangement is configured to conduct,
through each leg, a motor current through the
respective in series coils between the first pri-
mary junction and the second primary junction;
the phase arrangement is configured to permit
an alignment current to flow between the first
primary junction and the second primary junc-
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tion along an alignment current path which pass-
es through at least one coil of two different legs
of the number of legs via a respective branch;
and

the electric machine is configured so that:

the motor currents cause a torque to be ap-
plied to the rotor for rotation relative to the
stator, and

the alignment current causes a translational
force to be applied to the rotor.

The electric machine (200, 200B, 200C, 200’) of
claim 1, wherein the phase arrangement (300) is ar-
ranged such thatanincrease in the alignment current
does not alter a torque which is caused to be applied
to the rotor (210) by the motor currents.

The electric machine (200, 200B, 200C, 200’) of
claim 1 or claim 2, wherein:

the stator (220) comprises a set of stator teeth
(221-225), each stator tooth of the set being
equally angularly distributed around a circum-
ference of stator (220), wherein a number of sta-
tor teeth within the set of stator teeth is equal to
or greater than the number of legs of the phase
arrangement (300);

in each leg (410, 420, 430, 440, 450), each coil
(411-415, 421-425, 431-435, 441-445,
451-455) forms part of a different stator tooth
coil-grouping;

each stator tooth coil-grouping is provided to at
least one stator tooth of the set of stator teeth;
and

each intermediate junction (321-325) is located
such that, in each leg, a total number of turns of
the or each coil connected in series between the
first primary junction (311) and the respective
intermediate junction is equal to a total number
of turns of the or each coil connected in series
between the respective intermediate junction
and the second primary junction (312).

The electric machine (200, 200B, 200C, 200’) of
claim 3, wherein each coil (411-415, 421-425,
431-435, 441-445, 451-455) which forms part of a
respective stator tooth coil-grouping is arranged co-
axially with each other coil which forms part of the
same stator tooth coil-grouping.

The electric machine (200, 200B, 200C, 200’) of
claim 4, wherein:

each coil (411-415,421-425,431-435, 441-445,
451-455) is defined by a characteristic distance
to the centre of the stator (220) measured from
ageometrical centre (206) of the respective coil;
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in each leg (410, 420, 430, 440, 450), a mean
characteristic distance to the centre of the stator
of each of the coils in the respective leg is equal
to a mean characteristic distance to the centre
of the stator of each of the coils in each other leg.

The electric machine (200, 200B, 200C, 200’) of any
of claims 3 to 5, wherein each stator tooth (221, 222,
223) comprises a soft magnetic material.

The electric machine (200, 200B, 200C, 200’) of any
of claims 3 to 6, wherein each coil is wound around
the at least one stator tooth (221, 222, 223) to which
it is provided.

The electric machine (200, 200B, 200C, 200’) of any
preceding claim, further comprising a plurality of ac-
tive differential current sources (371-373), each ac-
tive differential current source being positioned on a
respective branch (341-345) and configured to inject
an actively-instigated differential current into each
leg (410-450) connected by the respective branch
(341-345), wherein the respective actively-instigat-
ed differential current forms part of an alignment cur-
rent which flows between the first primary junction
(311) and the second primary junction (312) via the
respective branch.

The electric machine (200, 200B, 200C, 200’) of
claim 8, further comprising:

a sensor arrangement (392) configured to:

monitor a translational position of the rotor
(210) with respect to the stator (220), and
monitor a rotational speed of the rotor; and

a controller (390) configured to:

determine a magnitude and a direction of a
force required to maintain alignment of the
rotor with respect to the stator based on the
monitored translational position of the rotor,
the monitored rotational speed of the rotor
and a magnitude of the motor currents; and
regulate a magnitude of the active differen-
tial current injected by each of the plurality
of active differential current sources
(371-373) based on the determined magni-
tude and direction of the force.

10. The electric machine (200, 200B, 200C, 200’) of any

preceding claim, further comprising a plurality of neg-
ative impedance converters (351-353), each posi-
tioned on a respective branch (341-343), wherein:

each alignment current path has a positive elec-
trical impedance provided by the coils of each
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13.

14.
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leg; and

each negative impedance converter is config-
ured to add a negative electrical impedance to
one of the alignment current paths by introduc-
ing additional electrical energy into the align-
ment current path.

The electric machine (200, 200B, 200C, 200’) of any
preceding claim, further comprising an input system
(360) configured to provide an alternating-current
voltage to the phase arrangement (300).

The electric machine (200’) of any one of the pre-
ceding claims, , wherein:

the stator (220) comprises a plurality of sets of
stator teeth (221-225, 221°-225’);

each set of stator teeth is radially offset with re-
spect to each other around the rotor (210);

the stator includes a plurality of the phase ar-
rangements (300), each respective one of the
phase arrangements being provided to a re-
spective set of stator teeth;

for each set of stator teeth:

each stator tooth of the set is equally angu-
larly distributed around a circumference of
stator (220), wherein a number of stator
teeth within the set of stator teeth is equal
to or greater than the number of legs of the
phase arrangement (300);

in each leg (410, 420, 430, 440, 450), each
coil (411-415, 421-425, 431-435, 441-445,
451-455) forms part of a different stator
tooth coil-grouping;

each stator tooth coil-grouping is provided
to at least one stator tooth of the set of stator
teeth; and

each intermediate junction (321-325) is lo-
cated such that, in each leg, a total number
of turns of the or each coil connected in se-
ries between the first primary junction (311)
and the respective intermediate junction is
equal to a total number of turns of the or
each coil connected in series between the
respective intermediate junction and the
second primary junction (312).

The electric machine (200, 200B, 200C, 200’) of any
one of the preceding claims, wherein the number of
legs is an odd integer.

A gas turbine engine (101) comprising the electric
machine (111, 113, 200, 200B, 200C, 200’) of any
preceding claim, wherein the rotor (210) of the elec-
tric machine is mechanically coupled to a spool of
the gas turbine engine.
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15. The gas turbine engine (101) of claim 14, wherein

the rotor (210) of the electric machine (200, 200B,
200C, 200') is arranged coaxially with the spool of
the gas turbine engine.
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